The in-plane anisotropy of resistivity has been investigated for Ba(Fe 1−x TM x ) 2 As 2 (TM-Ba122, TM=Cr, Mn, and Co) where the substitution sites are the same but the doped carriers are different for different TM elements. The Hall coefficient measurements indicated that hole carriers are effectively doped by Cr substitution but not by Mn substitution. It has been found that the resistivity difference ∆ρ = ρ b − ρ a in the antiferromagnetic-orthorhombic (AFO) phase of Cr-Ba122 is initially positive but it turns to negative with increasing Cr content, whereas the positive ∆ρ monotonically increases with Mn substitution in Mn-Ba122. In the paramagnetic-tetragonal phase, ∆ρ is always positive, but it decreases with substitution in Cr-Ba122, in contrast to the electron-doped case. These results demonstrate that the resistivity anisotropy exhibits electron-hole asymmetry in both AFO and nematic phases and that it depends on the Fermi surface topology whether the carrier scattering results in a positive or negative ∆ρ.
Introduction
Since the discovery of superconductivity in iron pnictides, the superconducting and normal state properties of this system have been extensively investigated. 1, 2) In almost all iron pnictides, the terminal compositions, BaFe 2 As 2 and LaFeAsO, undergo a structural and magnetic phase transition from a higher-temperature paramagnetictetragonal (PT) state to a lower-temperature antiferromagnetic-orthorhombic (AFO) one with decreasing temperature. By substituting various elements or applying pressure, the AFO state is suppressed and superconductivity emerges. One of the puzzles in the normal-state properties is the anomalous electronic anisotropy in the AFO and paramagnetic-orthorhombic phases. 3, 4) Although the anisotropy in the paramagneticorthorhombic phase, which is the so-called nematic phase, [5] [6] [7] [8] has attracted much interest in terms of the nematic nature of the electronic state, the anisotropy in the AFO phase is also unusual. Particularly, the in-plane resistivity shows significant anisotropy in the AFO phase at low temperatures. 5) The resistivity along the longer a-axis with an antiferromagnetic spin arrangement (ρ a ) is smaller than that along the shorter baxis with a ferromagnetic spin arrangement (ρ b ). This observed anisotropy (ρ b > ρ a ) is counterintuitive because both of the larger orbitals overlap due to a smaller lattice constant and smaller spin-fluctuation scattering due to a ferromagnetic spin arrangement, which should give a smaller resistivity in the b-direction (ρ b < ρ a ). Several theories based on magnetic order, orbital order, and lattice distortion have been proposed to explain this anomalous anisotropic resistivity. [9] [10] [11] [12] [13] [14] However, all of them fail to explain the fact that transition metal (TM) substitution for the Fe sites enhances the resistivity anisotropy despite the suppression of the magnetic order, orbital polarization, and lattice orthorhombicity.
6, 15)
To understand these counterintuitive behaviors, two different mechanisms have been proposed. One is based on the anisotropy of impurity scattering and the other on respectively, as reported in previous studies. 33, 34) the effect of anisotropic Fermi surface topology. The key experimental fact for the first scenario is that the anisotropy of in-plane resistivity in BaFe 2 As 2 (Ba122) almost disappears after the postannealing treatment, which removes defects in the crystals.
16, 17)
It was also pointed out that the anisotropy decreases with increasing distance of the substitution site from the Fe sites. 18) Based on these results, Ishida and co-workers proposed that the anisotropy of impurity scattering by substituted atoms is the origin of the anisotropy of in-plane resistivity, in other words, that the observed anisotropy is an extrinsic property. This scenario is supported by optical 19, 20) and scanning tunnel spectroscopy studies, [21] [22] [23] as well as by theoretical investigations.
24-26)
Another important experimental result for the second scenario is the comparative study of electron-doped Ba(Fe 1−x Co x ) 2 As 2 (Co-Ba122) and hole-doped
in K-Ba122 than in Co-Ba122, and more surprisingly, it becomes negative (ρ b < ρ a ) with further K substitution. 27, 28) Theoretically, the reversal of anisotropy has been predicted by considering the change of the Fermi surface topology and Drude weight in the AFO phase. 28, 29) However, they do not explain the postannealing effect, and recently it has been pointed out that the calculated anisotropy of the Drude weight is inconsistent with the experimental results. 30) The mechanism based on spin-fluctuation scattering also takes into account the topology of the Fermi surface, 31, 32) but it is applicable only in the nematic phase, not in the AFO phase. In addition, some studies have regarded the observed inverse anisotropy as negligibly small, which is due to weak carrier scattering because of the off-site substitution. 18, 24, 25) Thus, the previous studies could not distinguish the two factors of the in-plane resistivity anisotropy because they compared different site-substituted systems, and it turns out that the origin of the in-plane resistivity anisotropy is still controversial.
To distinguish the roles of the impurity scattering and the band structure, a comparative study using materials in which holes and electrons are doped by chemical substitution at the same atomic sites should be performed. In the present study, we 
Experimental Methods and Sample Characterization
Single crystals of Ba(Fe 1−x TM x ) 2 As 2 (TM=Cr, Mn, and Co) were grown by a selffluxing method. 17, 35, 36) Ba, FeAs, and TMAs were mixed in the atomic ratio 1:4(1 − x):4x, placed in an alumina crucible, and sealed in a quartz tube. The tube was heated to 1200
• C, kept at that temperature for 10 h, and cooled to 1000
• C at a rate of 2
• C/h. The compositions of the grown crystals were determined by scanning electron microscopyeneregy dispersion X-ray (SEM-EDX) analysis. The crystals with x > 0.24 for Cr and x > 0.08 for Mn were not measured because they showed different magnetic and crystal in Cr-and Mn-Ba122, whereas the two transitions separate with substitution in Co-Ba122. 33, 34) structures from Co-Ba122. 33, 34) All the crystals were sealed in an evacuated silica tube and postannealed for several days at 800
• C. The crystals were detwinned by applying mechanical uniaxial pressure with a device similar to the previously reported one. We summarize the temperature dependence of the in-plane resistivity anisotropy ∆ρ(T ) = ρ b −ρ a for TM-Ba122 (TM=Cr, Mn, and Co) in Fig. 3 . When the temperature decreases, ∆ρ(T ) starts to increase above T AFO in all the samples, suggesting that the nematic phase is induced by applying pressure in this temperature range. or maximum in Cr-and Mn-Ba122, which is different from K-Ba122. 37, 38) The origin of these temperature dependences may be related to the multi-band effect.
39, 40) Figure 5 shows the doping dependence of R H at T AFO and ∆ρ = ρ b − ρ a at 5 K. At T AFO , R H of Cr-Ba122 increases with x, resulting in a sign change around x = 0.09, and almost saturates above x = 0.13, while R H of Mn-Ba122 decreases with doping and remains negative. A similar peak structure of R H around T AFO with doping is observed in the hole-doped K-Ba122. 37, 38) This suggests that the holes are effectively doped into Cr-Ba122 but not into Mn-Ba122. The almost absence of carrier doping in Mn-Ba122 is also suggested by the nuclear magnetic resonance and photoemission measurements.
41, 42)
As shown in Fig. 5(b) , ∆ρ(5 K) for Cr-Ba122 increases with increasing x up to x = 0.02 and then decreases above this composition. As a result, ∆ρ(5 K) of Cr-Ba122
shows a sign change at approximately x = 0.09. Above x = 0.13, it becomes nearly doping independent, corresponding to the saturation of R H (T AFO ). In contrast to CrBa122, ∆ρ(5 K) of Mn-Ba122 monotonically increases with increasing doping.
There are several possible origins of the difference in ∆ρ(T ) in the AFO phase among Cr-Ba122, Mn-Ba122, and Co-Ba122. One is the crystallographic effect, namely, the change of lattice constants with doping affects ∆ρ(T ). This is unlikely, however, because of the following reason. According to previous studies, the lattice constants of a-and c-axes increase with increasing Cr and/or Mn substitution in Ba122, 35, 36) whereas they decrease with increasing Co substitution. 43) On the other hand, ∆ρ(T )
is similar in Mn-Ba122 and Co-Ba122 but different between Mn-Ba122 and Cr-Ba122.
Therefore, there is no correlation between crystallographic change and ∆ρ(T ) in these three systems.
The second possible origin is the difference in carrier scattering. Above T AFO , ρ(T )
of Cr-, Mn-, Co-, and K-Ba122 18) is more or less similar. Below T AFO , however, ρ(T ) of Cr-, Mn-, and Co-Ba122 increases upon cooling , whereas ρ(T ) of K-Ba122 decreases.
This difference originates from the difference in the impurity scattering strength, which depends on the substituted element and site. Nevertheless, the difference in carrier scattering cannot explain the difference of ∆ρ(T ). One example is that ∆ρ(T ) of Mn-Ba122 is similar to that of Co-Ba122, despite the different ρ(T ), namely, different impurity scattering levels. A similar relation is observed between Cr-Ba122 and K-Ba122. These two compounds show different ρ(T ) but similar ∆ρ(T ). Therefore, the impurity scattering strength alone does not determine ∆ρ(T ) in iron pnictides.
The third possibility is the different carrier doping level. The present results can be summarized as follows. The resistivity anisotropy, ∆ρ, in the AFO phase is relatively small and shows a sign change whenever hole carriers are doped into the system, irrespective of the chemical substitution site. This indicates that the size and shape of Fermi surfaces strongly affect the in-plane resistivity anisotropy. Thus, the theories which attribute the small ∆ρ in K-Ba122 to the absence of strong disorder [24] [25] [26] are inadequate as a general explanation of the in-plane resistivity anisotropy in iron pnictides.
Of course, we cannot ignore the impurity scattering effect, considering the annealing effect. 16, 17) Actually, it has been pointed out that the theoretical calculation of conductivity based on the Fermi surface topology alone predicts anisotropy opposite to the observed one. 30) Therefore, it is likely that the anisotropy of resistivity of Ba122 systems in the AFO phase is induced by the anisotropic impurity scattering that reflects the anisotropic electronic state (Fermi surface), as recently proposed. 30) This scenario can explain not only the large anisotropy in the electron-doped Co-Ba122, where both electron doping and impurity scattering result in a positive ∆ρ, but also that of MnBa122, where the disorder determines ∆ρ because the Fermi surface does not change very much due to the absence of carrier doping. In the hole-doped systems, the resistivity anisotropy is intrinsically small and shows a negative ∆ρ, regardless of the impurity scattering strength.
Finally, we discuss the anisotropy at T > T AFO . We can consider the different origin of the resistivity anisotropy below and above T AFO because the AFO and nematic phases have different electronic structures. 6, 8) A small positive ∆ρ(T AFO ) decreases with increasing Cr content in Cr-Ba122, as shown in Fig. 5(b) . This is similar to the results for K-Ba122 and Na-substituted CaFe 2 As 2 , where a very small ∆ρ is observed above positive ∆ρ is enhanced with doping. 5, 28) Here again, the behaviors of ∆ρ are similar among the hole-doped systems but different between the hole-and electron-doped systems, irrespective of the substitution site. Therefore, the impurity scattering caused by the substituted atoms does not play a major role, instead, the change of the Fermi surface by carrier doping is crucial in the resistivity anisotropy above T AFO .
Several theories have been proposed to explain the anisotropy in the nematic phase, such as mechanisms based on impurity scattering with an orbital order 25, 30) or emergent defect states. 45) We cannot support these scenarios based on impurity scattering, however, because it does not explain the observed electoron-hole asymmetry in ∆ρ. On the other hand, the spin-fluctuation scattering mechanism 31, 32) predicts the electron-hole asymmetry of the anisotropy depending on the topology of the Fermi surface in the nematic phase. Because the present results can be explained by this mechanism, the spin-fluctuation scattering mechanism would be a strong candidate for the theory in the nematic phase. Recently, Kuo et al. 46) reported that the anisotropy in the nematic phase of the electron-doped Ba122 is independent of disorder, which is consistent with our conclusion.
Conclusion
We found that the in-plane resistivity anisotropy, ∆ρ, in the AFO phase is small, but it clearly shows a sign change with increasing substituent and decreasing temperature 
